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Electrodes were made by electrochemically deposition of mono-metal (Sn, Mn, Pb, and Co) and bimetal
(Co-Zn and Co-Ni) oxides on graphite support using metal tartrate precursor in alkaline solution (pH
12). Results of XRD, XPS, and SEM analyses indicated that the nano-textured oxides were consisted of
mineral phases, namely, cassiterite (SnO,), birnessite (§-MnO,), and plattnerite (8-PbO,), and spinel-type
cobalt oxides (Co304, ZnCo,04, and NiCo,04). Cobalt oxide electrode exhibited high chlorine yield be-
cause of improved electrical capacitance and transfer coefficient. The rate of chlorine evolution on CoO/G,
CoZnO/G, and CoNiO/G electrodes was >2 x 10~* min~!, which was almost one order magnitude greater
than that of other mono-metal oxides (3-8 x 10~> min~!). The removal of ammonia nitrogen was > 90%
under breakpoint chlorination for the treatment of real aquaculture wastewater ([NH4*] ~ 3 mg-N/L or
2.1 x 107* M, [CI"] = 0.37 M, current density = 3.5 mA/cm?).

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Aquaculture fishery is an important economic activity in south-
western Taiwan. The excreta of aquatic organisms and the micro-
bial decomposition of unconsumed feed and feces, rapidly accu-
mulate ammonia nitrogen (NH4*-N) in the fish ponds [1,2]. The
toxicity of ammonia increases with increasing pH because am-
monia is the major species, which implies that temperature and
salinity of source water are factors controlling ammonia toxic-
ity to fish [3]. Ammonia can damage gill, reduce oxygen-carrying
capacity of blood, and affect osmoregulation at very low level
[4]. At concentrations higher than 0.05 mg-N/L, ammonia species,
i.e.,, NH3, can cause respiratory stress to fish, which renders fish
more vulnerable to parasitic and infectious agents. Besides, inten-
sive ammonia development in the aquaculture also impacts the
eco-environmental system, e.g., chemoautotrophic bacteria (Nitro-
somonas and Nitrobacter) tend to oxidize ammonium (NH4"-N) to
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nitrite (NO,~-N) and nitrate (NO3~-N). The assimilation of the ni-
trogen oxyanions as nutrients by aquatic plants, i.e. algae and
phytoplankton, leads to eutrophication which perturbs the eco-
stability [5]. Currently, Taiwan Environmental Protection Agency
(EPA) has established ammonia-nitrogen concentration of 0.3 mg-
N/L for class 2 aquaculture water quality. The European Union has
set a total ammonia nitrogen limit of 1 mg-N/L for fish cultur-
ing, specifically salmonid and cyprinid (78/659/EEC). According to
US EPA, the acute level of ammonia nitrogen is 17 mg-N/L. Molecu-
lar ammonia less than 0.020 mg-N/L is considered safe for fish re-
production. Canada has recommended a water quality of 0.019 mg-
N/L as chronic toxic level [6]. Moreover, NH4+ concentration as low
as 1-2 mg-N/L triggers eutrophication in oligotrophic waters [7].
Recirculating Aquaculture System (RAS), consisting of several
aerated fish tanks in-series, is typically used in the closed culture
of fishery, where a number of biofilters are used to maintain the
quality of the circulating water. However, the biological method
may be ineffective in treating saline water [8,9]. Control of am-
monia in fish culture water has been widely investigated using se-
lective ion exchange [10], flocculation [11], chemical oxidation [12],
and membrane bioreactors [13]. The addition of chemical additives,
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sludge production, high energy demand contributed to high oper-
ation cost and secondary pollution that required intensive post-
treatment. There are current interests on new methods for am-
monium removal in aquaculture wastewater. Direct oxidation using
single-crystal Pt or Pt-based alloys has been studied in the field of
ammonia-fed fuel cell [14-16]; however, Shih et al. demonstrated
that the selectivity of N, formation from dilute ammonia solution
by electrochemical oxidation on non-noble metallic electrodes was
low [17,18].

Indirect oxidation converted ammonia to chloramines at spe-
cific chlorine to ammonia mole ratio [19]. Breakpoint chlorination
was necessary to obtain free chlorine residual for better disinfec-
tion operation in which all the ammonia was completely oxidized
to Ny [20]. The average level of NH4-N was around 3-10 mg/L in
untreated aquaculture wastewater collected from southern Taiwan.
Since the seawater used in fishery farms has high Cl~concentration
(~1000 mg/L), electrochemical chlorination will be an ideal ap-
proach for in-situ de-ammonification. Noble metals/metal oxides
(Pt, Pd, Ru, Rh, Au) have high chloride adsorption specificity and
wide application in the chlor-alkali industry because of low chlo-
rine evolution potential (CEP) and long service life [21-24]. IrO,/Ti
and boron-doped diamond are known commercial electrodes that
have been used to generate reactive chlorine for electrochemical
water treatment and disinfection [25, 26]. Replacement of costly
noble metals such as graphite and PbO, by cost anodes of compa-
rable catalytic efficiency has also gained substantial interest in the
field [27, 28]. High activity in chlorine generation in a short hy-
draulic retention time without producing excessive chlorine (which
will cause the formation of chlorinated species, i.e., DBPs) [29] is
important attribute for the design of effective ammonia treatment
systems. In this work, graphite-supported metal oxides were fabri-
cated for the removal of ammonia from synthetic brine and real
aquaculture waters at dilute ammonia concentration. Non-noble
metals, specifically, Sn, Mn, Pb, and Co, and bimetal, namely, Co-
Zn and Co-Ni, oxides, were synthesized by electrodeposition. It was
hypothesized that the type of metal would affect the physicochem-
ical properties, such as morphology and electro-catalytic activity of
the metallic oxides, which in turn would control breakpoint chlo-
rination kinetics. The goal was to study in-situ chlorine generation
for ammonia (exactly ammonium ion) removal from saline water
used in fish farming operations.

2. Materials and methods
2.1. Graphite-based electrodeposition of metal oxide electrodes

The substrate for metal oxide deposition was graphite plate
(thickness = 5 mm) purchased from Great Carbon Co., Ltd., Tai-
wan. The raw graphite was polished with an ultrafine sandpaper
(P400, 3 M), followed by rinsing with acetone, and then acid etch-
ing in 1 M H,SO4 solution in a ultrasonic bath to remove ad-
hesive and grease. Fig. S1 shows the preparation procedure for
metal oxide supported on graphite electrodes. To achieve better
conductivity and stability of the electrode, a thin interconnection
layer of tin oxide was added to the graphite surface first by dip-
ping the graphite plate in a mixture solution of 0.05 M SnCly
and 2 M HCI for 5 times, drying at 105 °C, and then calcining
at 500 °C in atmospheric air for 1 h [30]. The electrolytic bath
was prepared by dissolving a given amount of metal salt, including
CoCl,-6H,0, MnSO4-H,0 (Sigma-Aldrich, USA), Pb(NO3), (SHOWA,
Japan), SnCl,-H,0, Ni(NOs), (Alfa Aesar, USA), and ZnSO4-7H,0
(PANREAC) to give a final concentration of 10~2 M in alkaline solu-
tion (pH 12) in the presence of 0.15 M L(+)-Tartaric acid (C4HgOg,
Alfa Aesar, USA) as chelating agent. The metal oxide was deposited
on the graphite electrode that was previously coated a thin layer of
tin oxide (with another plain graphite plate as cathode) under con-

Table 1

Composition of synthetic sea salt.
Major cations mglL ! Major anions mgL ~ !
Na+ 9200 — 9700 Cl- 17,000 — 18,000
Mg+ 1300 — 1400 S0,4%~ 2250 — 2500
K* 350 — 400 Br- 20 — 40
Ca%t 380 — 430

Stock solution was prepared by dissolving 35 g salt sample in 1 liter of
deionized water; pH 8.5, [CI"] ~ 0.5 M).

stant current density of 30 mA/cm? for 2 h. After deposition, the
metal oxide-coated graphite electrodes (MO/G, M denoted metal
including Co, Mn, Sn, Pb, Co-Zn, and Co-Ni) was rinsed with deion-
ized water to remove residual salt before use.

2.2. Electrochemical chlorine yield and ammonia oxidation

Cyclic voltammetry (CV) was used to study the chloride re-
dox characteristics on MO/G as the working electrode (effective
area = 3 cm?), using potentostat (CHI611C, CH Instruments, Inc.,
Austin, TX, USA) in 0.1 M of Na,SO,4 as supporting electrolyte. A
graphite plate with the same dimension as the working electrode
was the counter electrode. The reference electrode was Ag/AgCl.
The i-E response of voltammetry in the presence of NaCl was
recorded by scanning potential at specific rates (w, V/s).

Batch constant current experiments were performed under dif-
ferent current density and initial chloride concentration. To assess
the ability of MO/G electrodes, ISTA Coral Sea Salt was diluted to
prepare the chloride electrolyte. The composition of synthetic sea-
water was listed in Table 1. The electrochemical reactor was con-
structed with two polymethyl methacrylate (PMMA) plates, inter-
calated between electrodes and a spacer at a distance of 0.5 cm to
separate the two electrodes. The MO/G anode was cut into a di-
mension of 5 x 5 cm? (total effective area ~25 cm?2). A graphite
plate of the same dimension as the MO/G was used as the cath-
ode. The simulated water using (NH4),SO4 and real aquaculture
wastewater were prepared as ammonium containing solutions. The
real wastewater sample was collected from fishery ponds located
in Mido District, Kaohsiung, Taiwan, where brackish water was fed
to farm fish. Table 2 gives the chemical composition of real fish
farm water. Water samples were taken at specific time intervals to
analyze the concentration of chlorine and ammonia. The current
efficiency (n,%) in terms of chlorine yield, and the percentage of
ammonium removal (C/Cy,%), were calculated according to the fol-
lowing equations [31, 32]:

o NF x[Ch]xV
18 = Ttcomw <10 M)
C o _ [NHZ],
&%) = (2)
o [NH{],

where [Cl,] stands for the chlorine yield in mg-Cl,/L at time t. n
represents the number of electron transfer for converting Cl~ to
Cl,, i.e., 2; F is the Faraday constant (96,485 C/mol); V is reaction
volume (0.8 L); I is the applied current; and Mw is the molecular
weight of chlorine (71 g/mol).

2.3. Chemical analysis of chlorine and nitrogen

The concentration of free chlorine was analyzed by the N,
N-diethyl-p-phenylenediamine (DPD) colorimetric method (Hach
Method 8021, USEPA) [33]. The residual chlorine reacts with spe-
cific amount of KMnO4 which was calibrated using DPD regent;
the produced red color was measured by colorimetry at 520 nm
using a spectrophotometer. Ammonium ion was analyzed via the
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Table 2

Quality of real aquaculture water sampled from Mituo District, Kaohsiung, Taiwan.
Major cations mglL ! meq L~ ! Major anions mgL ~ ! meq L~ !
Na+ 9335+1089 405.8 + 47.4 Cl- 11,551+£2198 326.3 + 62.1
K* 403.5 + 75.7 10.3 + 1.94 NOs3~ 1.53+0.65 0.109+0.05
Ca%* 3235 + 81.3 16.2 + 4.1 NO,~ 0.17+0.04 0.012+0.003
Mg+ 1044+143 859 + 11.6 S04%~ 2953+261 184.6 £ 13.5
NH4* 3.69+0.72 0.26+0.05 Alkalinity 108.6 + 16.2 1.78+0.26

518.6 &+ 65.1 512.8 + 48.8
TOC 97.6

indophenol method at 630 nm according to the Berthelot reac-
tion (Method 350.1, USEPA) [34], in which the NH4"-N reacted
with phenoxide (NaOCgzHse3H,0) and hypochlorite (NaClO) using
nitroprusside (Nay[Fe(CN)sNO]) (Riedel-deHaén AG, Germany) cat-
alyst. A flow injection analyzer (FIA, Lachat’s Quik Chem 8500
Series 2, Love land, Colorado, USA) was used to automatically
measure the concentration of aqueous nitrogen species (NO3~-N,
NH4*-N, NO,~-N). Deionized water, which has been purified with
a laboratory-grade RO-ultrapure water system (resistivity >18.18
MS-cm), was used for the preparation of all solutions.

2.4. Surface characterization of metal oxide/graphite electrodes

The morphology and the elemental components of MO/G elec-
trodes were analyzed using scanning electron microscope (SEM,
JSM-6700F, JEOL) integrated with an energy dispersive spec-
troscopy (EDS, INCA400, OXFORD).The crystallographic structure
was characterized by X-ray diffraction (XRD, DX III, Rigaku Co.,
Tokyo, Japan) under conditions: Cu Ko source (A = 1.5406 A), scan
rate = 0.06° s, incidence angle = 20-85° (26). X-ray photoelectron
spectroscopy (XPS, PHI 5000 VersaProbe Physical Electronics, Inc.,
USA) was used to determine the chemical state with a monochro-
matic Al Ko X-ray source (1487 eV).

3. Results and discussion
3.1. Surface characteristics of MO-G electrodes

Results of XRD patterns in Fig. 1 show the crystal structure
of MO/G electrodes. The metal oxides deposited on graphite (G),
namely, SnO/G, MnO/G, and PbO/G, mainly were mineral crys-
tallinities, cassiterite (SnO,), birnessite (§-MnO,), and plattnerite
(B-Pb0,), respectively. Electrodeposition has been reported to pro-
duce amorphous SnO,, with a broad signal of (110) diffraction at
260 = 26° on the noisy background [35]. The mixing of mangan-
ite, MnOOH (111) at 26 = 26°, and birnessite diffractions proved
the Mn(IlI)/Mn(IV) transition during electrochemical redox reac-
tion [36]. The undefined peaks in PbO/G sample (Fig. 1) could be
attributed to «-Pb0O,, which has been previously reported to be
co-existing with B-PbO, when deposition was performed in al-
kaline solution [17]. By contrast, CoO/G electrode was constituted
of Co304, suggesting that co-precipitation of Co(Il) and Co(III) oc-
curred on the G surface [37]. Various spinel-type binary metal ox-
ides, A(+)B,31)0,, A being divalent metal ion (Zn?*, Ni2+, Mn2+,
and Cu?*) and B being trivalent metal ions (Co3*, Fe3+, and Mn3*)
have been investigated as pseudocapacitors [38]. In this work, the
crystal structure of CoZnO/G, CoNiO/G, and CoO/G, identified as
ZnCo;04, NiCo,04, and Co30y4, respectively, were used to study
the electrochemical property of spinel oxide. Fig. 2 shows the
SEM image of metal oxide electrodes. The raw graphite electrode
was normally fabricated with carbon flakes (Fig. 2a), which exhib-
ited a rougher surface after coated with middle layer of tin ox-
ide (Fig. 2b). After electrodeposition, the size of Sn0,, in a form
of crystal cluster on SnO/G, increased (Fig. 2c). The particles in
pyramidal shape on PbO/G (Fig. 2d) indicated the presence of

# ZnCo,0, (#81-2298)
® NiCo,0, (#73-1702)

T T T T T T T T
20 30 40 50 60 70 80 90

Al % sSnO, (#77-0452) 4+ C0,0, (#78-1970)
B MnO, (#18-0802) A Graphite (#75-1621)
¥ PbO, (#41-1492)
X X X X
Sno/G
MnO/G
PbO/G
CoO/G
G

20 30 40 50 60 70 80
20, °

Fig. 1. XRD patterns of graphite-supported metal oxide electrodes.

good crystallinity of B-PbO, which was the same as lead diox-
ide previously synthesized for direct ammonium ion oxidation [17].
The MnO, layer on MnO/G comprised of nano-whisker crystallites
(Fig. 2e), which had similar shape as tiny platelets of birnessite
prepared by cycling voltammetric method [36]. Fig. 2f-2h shows
the nano-particulate morphology of spinel oxides which did not
differ significantly from each other except with particle size fol-
lowing the order: CoNiO > CoZnO > CoO.

Fig. 3 presents XPS spectra of Sn 3d, Pb 4f, Mn 2p, and Co 2p
orbitals on MO/G electrodes. Results clearly showed the oxidation
state of metals in the oxide electrodes. Anodic electrodeposition
altered the oxidation state of metals to some extent. A significant
portion of 93% tin in SnO/G was in the Sn(IV) state at 495.6 eV of
Sn 3d3p, orbital [39]. Nevertheless, in PbO/G, the mole fraction of
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Fig. 2. SEM micromorphology of metal oxide electrodes (a) G, (b) Sn middle layer, (c) SnO/G, (d) PbO/G, (e) MnO/G, (f) CoO/G, (g) CoNiO/G, and (h) CoZnO/G.
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Fig. 3. Binding energies of XPS spectrum in regions of (a) Sn 3d, (b) Pb 4f, (c) Mn 2p, and (d) Co 2p orbitals for SnO/G, PbO/G, MnO/G, and CoO/G electrodes, respectively.

Pb(Il) and Pb(IV) 4fs), at 142.7 and 141.9 eV were comparable, at
59% and 41%, respectively [16]. Several oxidation states of Mn and
Co existed in the oxide electrodes; in MnO/G, the band at 645.9,
644.9, and 642.7 eV were 2p3, orbitals of Mn(ll), Mn(lll) and
Mn(IV), respectively [40]. Mn(IV) as birnessite phase and Mn(III)
(at 641.9 eV) in the form of Mn,03 accounted for 43.2% and 34.6%,
respectively. Co 2p3, in Co(Il) and Co(lll) states were at the band
energy of 780 eV and 782.2 eV for CoO and Co(OH),, and 781.4 eV
and 785.2 eV for CoOOH and Co30Qy, respectively [40]. The fraction
of 32.4% for Co(Il) and 55% for Co(Ill) suggested the co-existence of
Co(OH);, and Co304/CoOO0H in CoO/G.

3.2. Electrochemical properties of MO-G electrodes

The behavior of electrochemical charging and chloride redox
reaction over MO/G electrodes was assessed using cyclic voltam-

metry (CV). Fig. S2 gives CV curves of inert electrolyte (Na,;SOy4)
that described the redox reactions of metal oxides. For an ideal
polarizable electrode, the symmetrical E-i response by sweeping
voltage in the anodic and cathodic directions should be attributed
to the non-faradaic charging of SO42~ and Nat, respectively, as
electric double-layer (EDL) capacitance. For PbO/G, MnO/G, and
Co0/G electrodes, an obvious couple of faradaic redox current was
brought by reversible transition of metal oxidation state as pseu-
docapacitance [41]. Based on the current (I, A) evolved by scanning
potential at a specific rate (v, V/s), i.e., voltammetry measurement,
the differential capacitance of the electrode (C, F) was calculated
by the following equation:
do  Ixdt 1
C=PETdE v 2

where o is the charge density (C), E is the working potential (V
vs. Ag/AgCl) and v is the scan rate (V/s). The capacitive charging in
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Table 3
Electrochemical parameters.

Samples Epze, V. Cpse, mFlem?  Dg, cm?/s b, V/dec «

G 0.735 11.4 3.65 x 10-8 0.123 0.48
SnO/G 0.675 224 1.00 x 10-6 0.193 0.31
MnO/G 0.875 52.9 1.45 x 1077 0.273 0.22
PbO/G 1.095 52.6 7.45 x 1077 0.209 0.28
Co0/G 0.885 122 2.85 x 107 0.074 0.80
IrO, /Ti 0.645 25.6 1.34 x 1077 0.222 0.27
CoZnO/G 0.665 112 1.49 x 1077 0.085 0.69
CoNiO/G 0.725 119 8.67 x 1077 0.088 0.67

Epzc: electrode potential at point of zero charge; Cpc: electric capacitance
at p.z.c; Dg: diffusion coefficient of chloride ion; b: Tafel slope; «: transfer
coefficient estimated over metal oxides.

anodic and cathodic direction were ascribed to anodic C, and ca-
thodic C, respectively [42]; that is, C. is equal but opposite in sign
to Cy at the point of zero charge, Ep., that is, the eletrocapilary
maximum [43]:

Ca=—Co=Cpre @E =Ep, (4a)
do. I

=% =% ()
do_ I

C=p ="y (4e)

Fig. S3 gives the differential capacitance as a function of E-
Epzc of various MO/G electrodes. Table 3 presents the minimum
Cpzc of various MO/G electrodes in the presence of 0.1 M Na,SOj.
The minimum Cp,c followed the order: CoO/G ~ CoZnO/G ~ Co-
NiO/G (~110 mF/cm2) > MnO/G ~ PbO/G (~50 mF/cm2) > IrO,
~ Sn0O/G (~25 mF/cm?) > G (~10 mF/cm?). Consequently, the re-
versible redox equilibria of Co(II)/(IIl), Zn(IT)/(II), and Ni(II)/(III)
(eq. (5)) in the tetrahedral sites of spinel structure built up
a larger faradic pseudocapacitance than that of Mn(III)/(IV) and
Pb(IIT)/Pb(IV) (eq. (6)) [44, 45].

MCo, (0OH); + e + H* = MC0,04 + 2H, (M = Co,Zn,Ni) (5)
MO, + e + H* = MOOH (M = Mn,Pb) (6)

The relatively low Cpzc value of G, SnO/G, and IrO, must result
of simple EDL behavior since there was no redox couple appeared
during CV runs.

As shown in Fig. 4, there was a sharp increment in current
as the potential was positively scanned to around +1.2 V, which
was ascribed to water oxidation, i.e., the oxygen evolution reac-
tion (OER), for all tested electrodes. The over-potential of OER was
dependent on the electrode properties, which was critical to cur-
rent efficiency of redox reaction in question. Typical feature of
chloride redox reaction suggested that the anodic current of chlo-
ride oxidation (O¢) overlapped that of OER, whereas a correspond-
ing cathodic peak current of chlorine reduction (R¢) was created
when the potential was reversely scanned. In the presence of NaCl
at specific concentration, O¢; was accompanied by OER at around
+1.0 V (vs. Ag/AgCl) and varied among MO/G electrodes due to dif-
ferent chlorine over-potentials intrinsic to each electrode. Since the
peak faradaic current increased with increasing scan rate (Fig. S4
& S5), the redox reaction at specific chloride concentration could
be explained by a Randles-Sevcik equation (eq. (7)) [46, 47], where
the peak current, Ip, is a function of number of electron transferred
(n), diffusion coefficient of chloride ion (D¢, cm?/s)), scan rate (v),
electrode area (A), and bulk chloride concentration (Cy*, mol/cm?3):

I = (2.69 x 10%)n DA VHAC; (7)

Fig. S5 shows the linear regression of Ic (of R¢) versus chloride
concentration which slope is a function of D¢ at constant scan rate
(10 mV/s). Table 3 shows that the diffusion coefficient of chloride
ion is in the range of from 1.34 x 1077 to 1.0 x 1076 cm? s ~ !
on MO/G electrodes, which is similar to that on Pt/G electrode,
6.8 x 10-7 cm? s — 1 [48]. D¢y is an important physical parame-
ter controlling the efficiency of simple diffusion-controlled electron
transfer process [49], which is not substantially altered by different
metal oxide electrodes herein. According to Eq. (7), when electron
transfer is purely diffusion-controlled, a plot of logarithm peak ca-
thodic current (log I,) versus scan rate (log v) will yield a slope
of 0.5 [50, 51]. Fig. S6 examined the relationship between peak
cathodic current and scan rate. Results showed that only graphite
substrate (G) exhibited a slope of 0.53, while MnO/G, CoO/G, and
CoNiO/G electrodes exhibited relatively large slope, which indi-
cated that surface adsorption might affect the electrode kinetics of
chlorine on these materials.

The linear region of polarization curve, logl, was plotted against
applied potential, E, in the potential window of O, reaction on the
electrode surface as shown in Fig.S7. The Tafel slope b value is a
function of 2.3RT/wnF (i.e., 0.059/na V/dec at 298 K) [52, 53], from
which the transfer coefficient («) is obtained, assuming that the
number of electron involved in ClI~/Cl- transition (n) is 1. Although
the chlorine oxidation signal, O, merged with that of water oxida-
tion, i.e., OER, as shown in Fig. 4 (except IrO,), the onset potential
of chlorine, O, was lower than that of OER. Note that the calcu-
lation of a value for chloride oxidation was based on data in the
low overpotential region according to the Tafel equation. There-
fore, fortuitously, the o value for chloride oxidation was not af-
fected by oxygen evolution. Table 3 also presents « value (based
on the polarization data in Fig. S4). Transfer coefficient reflects the
heterogeneous electrode kinetics within the Butler-Volmer formu-
lation, and 0 < o < 1 for one electron process. When « equals
0.5, there is a symmetric form in the curvature of the Gibbs en-
ergy parabola of the reactant and product [54]. Accordingly, the
transfer coefficient of chlorine on CoO/G (0.8), CoZnO/G (0.69), and
CoNiO/G (0.67) were all greater than 0.5, which suggested that
chloride redox reaction was favored over the spinel-type cobalt ox-
ide electrode. It was noted that the Cp,c of metal oxide electrodes
was positively correlated to « (or b value) (with a correlation co-
efficient p = 0.931). (Fig. S9). The effectiveness of electrocatalytic
Cl=/Cl- redox couple as well as the combination of Cl- intermediate
should be affected by the electro-sorption of Cl~ . Anodic charg-
ing of the positively charged metal oxide surface balanced by the
counter chloride ions is known to the primary mechanism of ca-
pacitive deionization (CDI) [55, 56]. In other words, Cl~ sorption
in the electrical double-layer structure of the electrode surface oc-
curred at a relatively low range of electrode potential benefited Cl,
evolution at the over-potential of MO/G electrodes.

3.3. Batch chlorine yield and indirect electrochemical oxidation of
ammonium ion

Figs. 5a and 5b give the chlorine production and current effi-
ciency (n) of monometal oxide electrodes under constant current
density of 3.5 mA/cm? and at 0.1 M [Cl~] (prepared with syn-
thetic seawater), respectively. Among all MO/G electrodes, CoO/G
was the most effective in chlorine yield; in 60 min, the production
of Cl, followed the order: CoO/G (57.2 mg/L) > PbO/G (19.1 mg/L)
> MnO/G (14.7 mg/L) > SnO/G (8.67 mg/L) > G (8.07 mg/L) >>
IrO, /Ti (commercial DSA electrode, 0.01 mg/L). It is interesting that
all MO/G electrodes exhibited chlorine yield greater than the com-
mercial DSA. The current efficiency also followed the same order
as that of chlorine yield; all electrodes exhibited current efficiency
of less than 25% except CoO/G that attained a current efficiency
of 69.4% at constant current of 3.5 mA cm~2 in 0.1-M NaCl solu-
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absence and presence of NaCl. (Reference electrode: Ag/AgCl, electrolyte = 0.1 M Na,SO0,).

tion (Table S1). Because OER and chlorine overpotential (O¢;) were
overlapped with each other, the current derived from the electron
transfer for Cl~/Cl-declined when the electrode was not reactive
in forming chlorine, so that the only side reaction of oxygen evo-
lution became predominant. Fig. 5c gives the solution pH change
with electrolytic time. The initial pH of the seawater, equivalent to
0.1 M [CI], was 8.5-9, which slightly decreased to around 7.5 on
CoO/G, while the pH sharply dropped to 3 on all other electrodes.
Ideally, the anodic OER will create same quantity of hydrogen ions
(eq. (8a)) as those consumed by the hydrogen evolution reaction
(HER) on the cathode (eq. (8b)) [57].

2H,0 — 4H* + 4e" + 0, (OER) (8a)

2H* + 2e- — H, (HER) (8b)

However, the current efficiency of OER and HER may differ on
anode and cathode, respectively. In the present study, the elec-
trochemical cell was asymmetric,that is, the counter electrode,
graphite, was relatively inactive in transferring electrons for HER,
thereby leading to a sharp drop in pH. The high current efficiency
of CoO/G electrode in the chlorine yield suggests a smaller quantity
of hydrogen ion evolved from the homogeneous hydrolysis of Cl,
(eq. (9)) than OER (eq. (8a)), which was properly buffered by HER
(eq. (8b)), leading to insignificant change in pH. In other words, the
dissolved chlorine that quickly reacted with water near the anode

maintained pH at neutral which was an indicator of chlorine being
produced efficiently [58].

Cl, + 2H,0 — HOCl + H* + CI (9)

In order to evaluate the kinetics of electrochemical chloride oxi-
dation, the following equations were proposed as the overall mech-
anism on the MO/G surface (S) [59,60].

S + CI (aq) = SCI" (ads); K; (fast chloride adsorption)  (10a)
SCI" — SCl « + €7; ky (oxidation of adsorbed chloride) (10b)
25Cle = SCl, + S; K3 (chlorine formation) (10c)
SCl, = S + Cly; K4 (chlorine desorption) (10d)

Assuming that all surface adsorbed species are in the steady
state, in terms of surface coverage, i.e.0¢-,.0¢ . Oq,, and the free
site 6, one has: 6¢- + 6. +6c, +6 =1 and the rate of surface
species change is zero, i.e., adsorption rate is commensurate to re-
dox reaction rate. The concentration of surface 6. is a function of

. . ko
chloride ion (eq. S2a): 6 = kzlk*
1

ride ion [Cl~] and chlorine [Cl,] can be derived by the steady-state
approach (eq. S3 and S4) and expressed as a function of electrolytic
time:
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Fig. 5. (a) Chlorine yield, (b) current efficiency and (c) pH variation during chlo-
ride electrolysis over graphite and metal oxide electrodes ([Cl-] = 0.1 M; current
density = 3.5 mA/cm?).

[ ] = [cr] e (1)
Tre- —keit

[Ch] = S[Cl],(1 - ) (12)

where. ko = K kot Note that the rate constant, kg, is a compos-

ky+ky*
ite determined b; rate of adsorption (k;*), rate of desorption (k7),
and the electron transfer for Cl=/Cl- reaction (k,). Table S1 lists
the k¢ value of all electrodes obtained by fitting the data shown
in Fig. 5a using eq. (12). At 3.5 mA/cm? and 0.1 M [CI~], kq of
the CoO/G electrode (2.3 x 10~% min~') was larger than that of
all other MO/G electrodes, 8.0 x 107>, 6.8 x 1072, 3.5 x 1072,
and 3.0 x 10~3 min~! for PbO/G, MnO/G, SnO/G, and G, respec-
tively. Fig. S7 shows the chlorine production as a function of time
at different current density (0.5 - 3.5 mA/cm?) and chloride con-
centrations (0.01 - 0.2 M) for the CoO/G, CoZnO/G and CoNiO/G
electrode. Zn(II) and Ni(Il) in bimetal oxides exhibited a synergis-
tic effect on chlorine yield that increased with increasing current
density. In 60 min, the chlorine concentration reached 57.2, 63.1,
and 68.8 mg/L on CoO/G, CoNiO/G, and CoZnO/G electrode, respec-
tively (Table S1). The current efficiency was increased from 69.4%
on CoO/G to 76.2 and 83.1% on CoNiO/G and CoZnO/G, respectively.
By contrast, increasing the initial [C1~] above 0.05 M in the syn-
thetic seawater did not increased chlorine yield significantly. The
extent of faradaic electron transfer played an important role on
the yield of redox products. At constant current, once a fixed to-

tal charge (Q = I x t x A) was established, the current efficiency
of Cl, production over a highly active electrocatalyst in different
Cl~ concentrations will not change. Moreover, the concentration of
chlorine was expected to increase with an increase in initial con-
centration of chloride ion. However, reaction between the Cl-and
Cl~ to Cl,~-could occur at elevated chloride concentration [61,62].
Therefore, kinetically, the chlorine yield would be retarded by high
concentration of chloride ion as shown in Table S1.

3.4. Electrochemical oxidation of ammonium ion

Fig. 6 shows the in situ chlorination of ammonium on
MO/G electrodes in synthetic seawater ([NH4"]o = 20 mg-N/L
or 142 x 1073 M), [CI"]o = 0.05 M) at a constant current of
3.5 mA/cm?. Results showed that at the onset of increase in chlo-
rine concentration, the concentration of ammonium decreased. The
cross-over time between the chlorine and ammonium concentra-
tion was around 90 and 200 min for CoO/G and PbO/G, respec-
tively, which trend mimicked that of breakpoint chlorination to
some extent. Since MnO/G and SnO/G had relatively low chlorine
yield (Fig. 5a), no breakpoint chlorination seemed possible. Eil-
beck reported that a stoichiometric ratio of 3:2 for [Cl,]:[NH3] was
needed to completely convert ammonia (NH3) to nitrogen gas (N;)
[62]. At [Cly]:[NH3] ratio less than 3:2, i.e., pre-breakpoint chlo-
rination, combined chlorines (chloramines) such as NH,Cl, NHClI,,
and NCl3 were formed, which still exhibited disinfection potential
[63]. Less active electrodes, due to less chloride adsorption capa-
bility, required longer time to oxidize ammonium. Therefore, the
cross-over time of chlorine, reflected the kinetics of ammonium
oxidation. Moreover, the negligible concentration of nitrogen in-
termediates, such as NO,~ and NOs~, during the entire course
of electrolytic process proved indirect-electrochemical oxidation as
mechanism of ammonium oxidation (Fig. S10) in which the con-
sumption rate of A[Cl,]/A[NH4*] remained at around 1 to 1.2 be-
fore the cross-overtime of chlorine over ammonium occurred.

Fig. 7 shows results of ammonium oxidation in real aqua-
culture water (initial [NH4t] ~ 3 mg-N/L or 021 x 1073 M,
[CI7]g ~ 037 M) over cobalt oxide-based electrodes, namely,
CoO/G, CoZnO/G, and CoNiO/G, as affected by applied current den-
sity (0.5, 2, and 3.5 mA/cm?2). Low ammonium removal efficiency
of CoZnO/G at low current density (0.5 mA/cm?) was attributable
to the high chloride oxidation overpotential (i.e., the onset poten-
tial of CoZnO/G (1.2 V) > CoNiO/G (1.15 V) > CoO/G (1.0 V) (vs.
Ag/AgCl), determined by the Tafel plot as shown in Fig. S8). How-
ever, with increasing current density up to 3.5 mA/cm?Z, ammo-
nium removal achieved 92.1% on CoZnO/G, which was higher than
84.1% and 61.2% on CoO/G and CoNiO/G, respectively, in 15 min;
the residual NH4"-N (0.17 mg/L) was lowered to below the stan-
dard value regulated by Taiwan EPA for aquaculture water. Notably,
breakpoint chlorination occurred at 15 min over all spinel oxides
in treating real aquaculture water, compared to 90 min in treating
synthetic seawater, on CoO/G electrode (Fig. 6), because of the dif-
ference in initial NH4*-N concentration, 3 mg/L (0.21 x 10~3 M) in
real water vs. 20 mg/L (142 x 10-3 M) in synthetic seawater.

The surface reaction between the adsorbed NH4" and chlorine
radicals, in-situ generated by anodic oxidation of chloride ion, was
supposed to be the primary mechanism of indirect-electrochemical
ammonium ion oxidation eqs. (13) and (14) [64].

S + NH4t = SNH4™; K5 (13)
6SCI* + SNH4* — SN, + 8SH™; k¢ (14)
where K5 is the equilibrium constant of ammonium adsorption,

and kg is the rate of indirect oxidation of ammonium by reactive
chlorine species over the electrode surface. The coverage of two
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surface species,fq- = and 9)\11-1‘;r =

Tk i w2kl (€0
S7), were applied to derive the rate equation of ammonium ion
oxidation and chlorine yield (eqs. S8 and S9). The detailed steady-
state approach was provided in the Supporting Material. One can
assume that the anodic oxidation of surface ammonium (kg) is
faster than the desorption of ammonium ion ks~, i.e., QNHI ~

kiig? ], then the concentration profile of relevant NH4* in the
solution as a function of time can be obtained.
d[NH}]

— — +
—g = —2ks0c1.On; = —kn[NH; ], (15a)
and
[NH;] = [NH{] Oexp-kwr (15b)

where ky = ks*0, which denotes the observed rate constant deter-
mined by the adsorption of ammonium ion. As a result, the rate
constant ky could be computed using the time function of chlorine
yield according to the following equation:

[ClL] = %[Cl*]o(l —etat) — %KC, [NH], (1 —e") (16)

Ky . I
where K- = ‘1’( is the equilibrium constant between Cl~ desorp-
2

K+
tion and oxidlation. In contrast to the rate of chloride ion elec-
trolysis according to eq. (12), the removal of NH4 prolonged the
time for chlorine production thereby extending the time of break-
point chlorination (eq. (16)). Fig. 7d and 7e give kg and ky con-
stants obtained by fitting data in Fig. 6 and Fig. 7, respectively.
Results show that the rate constant, kg was 2 orders of magni-
tude smaller than that of ky, which indicated that chloride adsorp-
tion was the rate-determining step of ammonium oxidation. As for
the electrochemical ammonium oxidation, k¢ of CoO/G and PbO/G
were 2.2 x 1074 and 2.0 x 10~% min~!, respectively, which were
even one order magnitude larger than that of MnO/G and SnO/G
(2.3 x 107 and 1.4 x 10> min~1, respectively). Besides, replacing

Co(Il) in the spinel structure of Co304 by Zn(Il) and Ni(Il), respec-
tively, moderately improved the rate of chlorine yield over ZnCo30
and NiCo304 catalyst. The efficacy of NH4* adsorption (ks;*) was
also high on cobalt oxide system due to its ky value being larger
than that of other metal oxides (1.1 x 1072, 7 x 103, 1.35 x 1073,
and 1.2 x 10~3 min~! for CoO/G, PbO/G, MnO/G, and SnO/G, re-
spectively). The rate constant ky was improved in treating real
aquaculture water (Fig. 7e) that contained lower ammonium ion
concentration than the synthetic seawater. Nevertheless, on the ba-
sis of the rate of ammonium ion removal, which increased with
increasing current density, CoZnO/G was the best electrode with
ky = 0.095 min~! at current density of 3.5 mA/cm?2. Results of
electroanalysis revealed that the pseudocapacitance of spinel ox-
ides was superior to those of other metal oxides (Table 3), as
the surface redox reactions was accelerated by enhancement in
electro-sorption as reflected in capacitive charging.

Fig. 8 demonstrates the treatment of real aquaculture wastewa-
ter using a continuous flow reactor (Fig. S1c) to examine the dura-
bility of metal oxide electrodes and the feasibility of electrochemi-
cal remediation of solution containing ammonium ion. Results of
batch experiments showed the breakpoint of chlorine yield oc-
cur at around 10 min, which resulted in greater than 90% of am-
monium ion removal efficiency over CoZnO/G electrode (Fig. 8b).
Thus, in continuous reaction, the flow rate selected was 5, 10, and
20 mL/min, corresponding to hydraulic retention time (HRT) of 5,
2.5, and 1.25 min, respectively (effective volume = 25 cm?, an-
ode = CoZnO/G, cathode = G). The effluent concentration of NH4*
and Cl, were recorded as a function of time (Fig. 8). The removal
of ammonium ion and chlorine yield were maintained at above
99% and around 80 - 100 mg/L, respectively, for at least 48 h
when the flow rate was 5 mL/min (or 5 min HRT). To minimize
residual chlorine, one can reduce the HRT of the target reactants
(CI= and NH4") in the reactor. As the flow rate was increased to
10 and 20 mL/min (or HRT of 2.5 and 1.25 min), the effluent Cl,
concentration was decreased to around 2 mg/L for both HRT, and
the average NH4™ removal was 65 and 50%, for HRT of 2.5 and
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Fig. 7. Performance of (a) CoO/G, (b) CoZnO/G, and (c) CoNiO/G in 1. Ammonia oxidation, and 2. Chlorine yield of real aquaculture water under 0.5-3.5 mA/cm?; Rate
constants, ke and kN, over MO/G electrodes in (d) synthetic seawater ([NH4*]o = 1.42 x 10-3 M (20 mg-N/L), [Cl-]o = 0.1 M, 3.5 mA/cm?), and (e) real aquaculture water

at different current density ([NH**]o ~ 0.21 x 103 M (3 mg-N/L), [Cl-], = 0.37 M).

1.25 min, respectively. The result of continuous flow runs implied
that the level of ammonium nitrogen outflow, for recirculation to
aquaculture system, could be readily controlled by HRT. Moreover,
active electrocatalysts capable of rapid chlorine generation, is key
to shorten the hydraulic retention time in wastewater treatment
with increasing treatment capacity.

Conclusion

Six metal oxide electrodes, including mono-metal (Sn, Mn, Pb,
and Co) and bimetal (CoZn and CoNi) on graphite plate sup-

port, were studied for the removal of ammonium in aquaculture
wastewater by indirect electrochemical oxidation. The MO/G elec-
trodes, synthesized by electrodepostion using metal tartrate pre-
cursor in alkaline solution (pH 12), were characterized as metal
dioxides of SnO,, MnO,, and PbO, and spinel oxides, namely,
Co304, ZnCo,04, and NiCo,04. The CoO/G electrode exhibited ex-
cellent activity in chlorine yield, ascribed to fast transfer coeffi-
cient and presence of pseudocapacitance, thereby outperforming
other dioxide electrodes. Substitution of Co(Il) by Ni(Il) and Zn(II)
in spinel oxides exhibited synergistic effect on chloride electrolysis,
which enhanced electrochemical removal of ammonium. The per-
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Fig. 8. Effect of flow rate on ammonia oxidation, chloride yield and pH variation in
a continuous electrochemical reactor using CoZnO/G and G as anode and cathode,
respectively (current density = 3.5 mA/cm?).

formance of MO/G electrodes, in terms of change of Cl, and NH4*
concentration, could be readily verified by the significant shorten-
ing of electrolytic time toward breakpoint of free Cl,. Therefore,
the hydraulic retention time will be a useful operational parame-
ter for controlling the residual free chlorine and the conversion of
NH4* in the effluent of continuous-flow-through electrochemical
reactor for recirculation of the treated wastewater to the fishing
pond.
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